The Sahel of Africa has been identified as having the strongest land-atmosphere (L/A) interactions on Earth. The Sahelian L/A interaction studies started in the late 1970s. However, due to controversies surrounding the early studies, in which only a single land parameter was considered in L/A interactions, the credibility of land-surface effects on the Sahel's climate has long been challenged. Using general circulation models and regional climate models coupled with biogeophysical and dynamic vegetation models as well as applying analyses of satellite-derived data, field measurements, and assimilation data, the effects of land-surface processes on West African monsoon variability, which dominates the Sahel climate system at intraseasonal, seasonal, interannual, and decadal scales, as well as mesoscale, have been extensively investigated to realistically explore the Sahel L/A interaction: its effects and the mechanisms involved.
The mechanisms through which land processes affect the atmosphere are also elucidated in a number of studies. Land-surface processes not only affect vertical transfer of radiative fluxes and heat fluxes but also affect horizontal advections through their effect on the atmospheric heating rate and moisture flux convergence/divergence as well as horizontal temperature gradients.
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The importance of land-surface processes in the climate system has been extensively investigated. A number of regions in the world, such as the Sahel (Koster et al., 2004; Xue et al., 2004A) , Amazon (Nobre et al., 2004) , and Asian monsoon regions (Fu et al., 2004;  Xue et al., 2004B) , have been identified as hot spots of land-atmosphere (L/A) interactions, where interactions through feedback loops play a crucial role in the surface water and energy balances as well as regional climate. In a global and seasonal study, which assessed regions of the Earth with strong L/A interactions, the Sahel has been identified as a region with the strongest L/A interactions on Earth (Xue et al., 2010B) . In addition, significant L/A interactions in central and eastern Africa and southern Africa have been identified (Xue et al., 2010B) ; however, they have not been comprehensively investigated so far. Sahel L/A interactions, which have been comprehensively investigated in numerous studies for four decades, are the focus here. (New et al., 1999) . (c) Time series of annual In the 20th century, the Sahel is a bioclimatic zone of predominantly annual grasses, shrubs, crops, and trees ( Figure 1A ). There is a steep gradient in climate, soils, vegetation, and land use, from the almost lifeless Sahara Desert in the north to savannas in the south. The similarity of climate and land cover in the East-West direction contrasts dramatically with the strong North-South gradient ( Figure 1B) . The uniformity of this geographical pattern is partly a result of lack of rapid changes in topography, but also because of the zonal nature of the climate, with desert to the north and ocean or tropical forests to the south. The geographical patterns of rainfall, vegetation cover, soils, and land use all share this zonal arrangement and are strongly correlated with each other, so that cause and effect among these processes are hard to disentangle.
The Sahel has experienced significant climate anomalies and suffered the most severe and longest drought in the world during the 20th century. The climate variability shows one of the strongest interdecadal signals on the planet in the 20th century (Redelsperger et al., 2007) . Annual rainfall has persistently remained below the long-time average since the late 1960s, with devastating droughts hitting during the late 1960s and the early 1980s. Starting from the late 1980s, however, there has been evidence of some rainfall recovery relative to the very dry period ( Figure 1C ; Hulme, 1994;  Lebel & Ali, 2009; Nicholson et al., 2012) . The severe droughts and drought-induced famines have had devastating environmental and socioeconomic consequences, which have provided strong motivation for the scientific community and society to understand West African climate variability and causes of the Sahel drought. The West African climate is strongly affected by external forces. Among them, the sea-surface temperature (SST), land-surface processes, and aerosols have been considered major factors (see Lau et al., 2006;  Rodriguez-Fonseca et al., 2015; Xue et al., 2004A, 2012 . In this article, the Sahel L/A interaction is the main focus.
Development of Early Sahelian L/A Interaction Studies and the Controversies
The Sahelian continental-scale land mass and relatively flat orography (excluding the eastern Sahel) warrant that L/A interactions play a major role in the regional climate and also make such interactions relatively easily detected in model simulations (Xue et al., 2004A) . Model studies of Sahel L/A interactions started in the later 1970s and were largely motivated by the Sahel drought during the late 1960s to the 1980s. Due to simple landsurface parameterization schemes at that time, the land-surface properties that regulate the L/A interactions were regarded as separable parameters that could be independently prescribed as boundary conditions in climate models. In most early modeling studies, only a single land-surface parameter was tested each time. The primary land parameters precipitation anomaly (mm day ) averaged over 20ºW to 20ºE and 5ºN to 20ºN. under investigation were surface albedo, soil moisture, and combinations of the two, as well as surface roughness length (see Charney, 1975; Charney et al., 1977; Kitoh et al., 1988; Laval and Picon, 1986; Sud and Fennessy, 1982; Sud et al., 1988; Walker and Rowntree, 1977) .
The modeling studies often explicitly or implicitly were intended to investigate how land degradation affected the 1970s Sahel droughts, and they normally consisted of two cases, one with low albedo and/or high soil moisture, and another with high surface albedo and/ or low soil moisture, which mimicked the desertification conditions. In the albedo study, when the surface albedo became high, more shortwave radiation reflected back to the atmosphere from land surface and was lost to space. Surface and atmosphere became cool, inducing a relative sinking motion, which would suppress precipitation (Figure 2 ). In the soil moisture study, the lower soil moisture and associated less surface evaporation would reduce atmospheric humidity and cloud cover, then precipitation. The modeling studies consistently demonstrated that the land surface had substantial impact on the Sahel climate, which greatly stimulated public interest and spurred more scientific research on this subject during the later 1970s and the early 1980s.
However, in most of the sensitivity studies, the extent of areas associated with changes in landsurface conditions, such as albedo and soil moisture, were somewhat arbitrary (Los et al., 2006) . To obtain large impacts from the land parameter changes, the changes in the magnitudes of the parameters were usually unrealistically large. For instance, in the early albedo study (Charney et al., 1977) , albedo was changed from 0.14 to 0.35 in the landdegradation case. Based on satellite observations, it has been found that only a change of less than 0.1 in surface albedo in the Sahel over different time periods might be a reasonable estimate (Courel et al., 1984; Govaerts & Lattanzio, 2008; Nicholson et al., 1998; Norton et al., 1979) , much less than what was specified in Charney et al.'s study (1977) .
Moreover, the cooling caused by changes in high surface albedo alone are not supported by observations over land-degraded areas. Furthermore, Rodwell and Hoskins (1996) pointed out that the time-mean horizontal-advection in the West African monsoon (WAM) area was perhaps twice as strong as the time-mean diabatic-cooling term caused by the albedo change. Without sufficient circulation change induced by the surface process, as done in the early albedo study, the specified changes in surface parameters, such as albedo, had to be unrealistically large to produce substantial atmospheric response. As a result of these critical issues in question, the credibility of the land-degradation effect on the Sahel drought has long been challenged (see Los et al., 2006; Ripley, 1976) .
Sahelian L/A Interactions at Large Scales
Land-surface/atmosphere interactions are very complex in the real world and involve many processes and associated parameters. The land effect on the regional climate can be realistically assessed only when all dominant processes that control major comparable components of the surface water and energy balances are considered. To adequately assess the impact of land processes, especially land degradation, on the Sahelian climate variability and drought, more sophisticated soil-vegetation-atmosphere transfer models (SVATs) have been introduced to Sahel study (see Xue et al., 1990) . In contrast to studies in the early 1980s, some of the newer studies not only tested the sensitivity of the regional climate to land-surface processes but also intended to link the land-surface processes to observed seasonal to decadal climate anomalies and to investigate predictability and prediction with more realistic land processes, i.e., whether introducing adequate landsurface processes improves the simulation of the WAM, enhances predictability at different scales, and more realistically explores the possible mechanisms involved. The Sahel climate is dominated by the WAM system. Monsoon circulations are forced and maintained by sea-land thermal contrasts and by surface heat released into the atmosphere. Therefore, the WAM/land interaction was a major issue in these studies.
Assessment of Effects of Land-Surface Processes in the Sahel Climate System at Different Scales (Modeling Studies)
Modeling studies and satellite-derived products have been applied to assess the importance of the land surface in the climate system. Xue et al. (2004B, 2010B) conducted numerical experiments using general circulation models (GCMs) coupled to different parameterizations with varying degrees of physically based complexity in the representation of land-surface processes. Since a more realistic representation of biophysical processes in a GCM should improve precipitation simulations if land-surface processes indeed have effects on the real climate system, statistically significant improvement in precipitation simulation with more realistic biophysical representation at the surface in models has been adopted as a criterion to identify land effects. Figure 3 shows the reduced absolute seasonal mean bias of climatological precipitation simulations, which represents improved prediction skill, due to more realistic biophysical process in the GCM. The results suggest that biophysical processes have a strong effect in the monsoon regions; among them, West Africa shows the largest impact in the world, especially during the summer and the fall, with some impact during spring. The biophysical process' importance for the WAM has also been demonstrated by the application of satellite-derived vegetation products, such as leaf area index (LAI), and vegetation coverage in the GCM. By using remotely sensed LAI datasets, instead of using LAI based on a few ground surveys, the GCM produced substantial improvements in the near-surface climate in the WAM regions (Kang et al., 2007) . In another multimodel study assessing soil moisture/atmosphere coupling strength (Koster et al., 2004) , the importance of Sahel soil moisture has been identified, which reveals that the Sahel, along with a few other regions, has the greatest soil moisture/climate coupling strength in the world.
However, there were also studies challenging the role of soil moisture in the Sahel study. Some modeling studies (Douville et al., 2007; Shinoda & Yamaguchi, 2003) have showed that the root-zone soil moisture did not act as a memory of rainfall anomaly that would produce an effect in the following rainy season, and therefore, it is not found to be related to the long-term persistence of the drought. Koster et al. (2004) also showed that although the average over 12 participating models' simulations indicated the Sahel area had higher coupling strength, substantial discrepancies existed among the models.
Along with the seasonal mean, the land processes also show effects on the intraseasonal climate variability at large scales. The studies showed that vegetation properties played a significant role in the intraseasonal variations of precipitation and circulation over West Africa (Xue et al., 2004A) , and intraseasonal soil moisture fluctuations were intense enough to feed back on the low-level vorticity structure (Taylor, 2008) . In another study with a regional model, it has been shown that, with a more realistic biophysical representation at the surface, the seasonal timing and magnitude of mean monsoon precipitation more closely match observations, especially the timing of the monsoon advance and retreat across the Guinean Coast (Steiner et al., 2009 ).
In the studies described so far, surface vegetation conditions were specified without interannual variability and did not respond to climate variability. In the real world, vegetation also responds to climate variability and change. Using a biophysical/dynamic vegetation model driven by observed climate forcing, it has been found that vegetation LAI over the Sahel showed a decreasing trend from the 1950s to the 1980s and a partial Subscriber: OUP-Reference Gratis Access; date: 26 April 2018 recovery after the 1980s (Xue et al., 2016A;  Figure 4A ), which should also affect the regional climate. To include considerations of two-way L/A interaction, dynamic vegetation models have been introduced to atmospheric models. Some studies have been employed to investigate the climate equilibrium states. For example, using a GCM with an interactive vegetation model, Claussen and Gayler (1997) found multiple equilibrium states in climate/ vegetation dynamics in northern Africa, which could not be found in other parts of the world. This discovery was confirmed by Wang and Eltahir (2000) with a coupled twodimensional climate/dynamic vegetation model. In another study using a coupled atmosphere and dynamic vegetation model, Zeng et al. (1999) produced the decadal precipitation variability in the Sahel, which could not be simulated if interactive vegetation processes were not included in their model.
In addition to the landsurface process' role in modern Sahel climate, the L/A interaction has also been suggested to have played a role in the Sahelian Paleo climate (Braconnot et al., 2000;  Claussen et al., 1999; Kutzbach et al., 1996) . The subtle changes in Earth's orbit, strongly amplified by climate-vegetation interactions, are currently believed to be the main causes for the wetter conditions in the region's climate 9,000 to 6,000 years ago. Numerical simulations with climate models have shown that, although changes in Earth's orbital parameters (eccentricity of the Earth's orbit, axial tilt of Earth, and the date of perihelion) increased the amplitude of the seasonal cycle of solar radiation in the Northern Hemisphere and strengthened the WAM, only after including the consideration of L/A interactions was the model able to simulate a much wetter Sahel. The WAM precipitation from this simulation was able to drive a biome model to produce the Sahara/ Sahel boundary, which is close to Paleo vegetation observations (Kutzbach et al., 1996) . In another Paleoclimate Modeling Intercomparison Project (PMIP) study, it was found that during the Last Glacial Maximum and the Mid-Holocene the position of the maximum of surface temperature controlled the position of the intertropical convergence zone (ITCZ) simulated by all the models (Braconnot et al., 2000) . 
Click to view larger

Assessment of Effects of Land-Surface Processes in the Sahel Climate System at Different Scales (Data Analyses Studies)
After satellite data began to be available from the late 1970s, a large number of analyses based on satellite-derived vegetation products have been carried out. Despite limitations in the studies due to data quality questions caused by measurement and data processing errors, robustness in statistical methods applied, and uncertainty about using satellite products to represent real vegetation conditions, the results nevertheless provide another path to assess the vegetation/atmosphere interactions and offer a new and valuable reference to compare with model-simulated vegetation/atmosphere interactions.
Among the products, the normalized difference vegetation index (NDVI), the fraction of photosynthetically active radiation (FPAR), albedo, and LAI have been used the most. For example, the decadal trends of the satellite-derived products were the subject of some diagnostic studies. Studies have found an increase in NDVI/LAI and a decrease in surface albedo over the Sahel during the period 1982-1999 (Eklundh & Olsson, 2003; Govaerts & Lattanzio, 2008; Hiernaux et al., 2009, Figure 4B ), which are interpreted as a vegetation recovery from the very dry periods of the 1980s. Moreover, annual NDVI was found to be highly correlated to annual precipitation of the concurrent year and the previous year in the southern Sahel (Martiny et al., 2005) . Using a statistical model of vegetation greenness and NDVI, Los et al. (2006) also suggested the previous year's vegetation growth affects greenness in the following year. The statistical model found that these vegetation-rainfall interactions increased the interannual variation in Sahelian precipitation, accounting for as much as 30% of the variability in annual precipitation in some sub-Sahel regions between 15º and 20ºN. In a seasonal study, Liu et al. (2006) found that the FPAR-led correlations with precipitation in the Sahel are positive in spring and summer but become negative in fall and winter. However, in another study using NDVI from 1982 to 2006 (He & Lee, 2016) , the spring and summer NDVIs over the Sahel have significant negative and positive correlations, respectively, with summer Sahel rainfall. A Granger causality test found that only summer NDVI over the Sahel causes summer rainfall over the Sahel.
Although analyses of these satellite products and climate data have confirmed a close relationship between vegetation conditions and precipitation at different scales and generally support the results from modeling studies for the role of vegetation effects during the summer WAM, there are discrepancies among the analyses and between the model results and satellite data analyses in other seasons. Further studies with more data are imperative.
In addition to the satellite data, data from large-scale field campaigns are also available from the African Monsoon Multidisciplinary Analysis (AMMA) project (Lebel et al., 2011). Distinct from the previous Sahel observational efforts (e.g., Prince et al., 1995) aimed to increase the understanding and improve the modeling of the WAM/land interactions over a wide range of spatial and time scales (Redelsperger et al., 2007) (Grippa et al., 2011) , and many others. ALMIP provides a robust regional-scale estimate of landsurface state variables and fluxes from an ensemble of state-of-the art land-surface models. Because the ALMIP data cover most of West Africa, this dataset can be considered as one of the best currently available proxies for large-scale estimates of the land-surface state over West Africa for different applications.
The ALMIP products have been applied to the West African Monsoon Modeling and Evaluation (WAMME) project (Xue et al., 2010A) for large-scale African L/A interaction studies (Boone et al., 2010) . The WAMME is the first international model intercomparison project specifically designed to evaluate current state-of-the-art GCMs and regional climate models (RCMs) for simulating WAM precipitation, especially drought scenarios and their relevant processes (Druyan et al., 2010; Xue et al., 2010A) . It has been found that, although simulated net radiation within WAMME GCMs and RCMs generally agrees rather well with ALMIP, the partitioning of this energy into latent heat and sensible heat fluxes from different GCMs is different from ALMIP and is quite variable. Furthermore, ALMIP produces the maximum latent heat flux during the period of monsoon retreat as stored water is evaporated before solar radiation reaches the boreal winter minima; although the GCM and RCM ensemble means produced this feature, many models failed to simulate this seasonal variability. Finally, in contrast to ALMIP results and local-scale observations that indicate values on average of the meridional ratio of sensible heat flux to net radiation to be approximately 0.35, the ratio becomes quite low (generally less than 0.10) from the Sahel to the southern coast of West Africa during the core monsoon season for nearly all of the WAMME models. These Figure 6 ). With more realistic land biophysical processes in climate models and evidence of LULCC over the region, this effect has been comprehensively evaluated. In the experiments (Boone et al., 2016; Xue, 1997; Xue & Shukla, 1993) , the GCM was integrated using a "normal" vegetation map (control simulation) and a vegetation map where savanna or shrubs with ground cover were replaced by shrubs with bare soil in a specified area over Sahel, representing land degradation there in the 1980s (degraded simulation). Different vegetation and soil properties, including surface albedo, LAI, soil hydraulic conductivity, and surface roughness length, which are associated with the vegetation and soil types, were also changed according to the vegetation maps. Since there was no quantitative data available for 1950s land-cover information in the Sahel, the selections of the degradation areas were based on then-available information (e.g., Dregne & Chou, 1992) , but it did not necessarily represent the reality that occurred from the 1950s to the 1980s. As a result, the simulations must be regarded as sensitivity studies. Because of the internal variability in GCMs, ensemble means were used to identify climate impacts.
Click to view larger During the 1980s Sahel drought, rainfall was reduced in the Sahel but increased slightly to the south ( Figure 7A) , showing a shift in the intertropical convergence zone (ITCZ; Xue & Shukla, 1993) .
Differences between the ensemble mean JulyAugust-September (JAS) rainfall of the degraded and control simulations are shown in Figure 7B ( Xue et al., 2004A) . The rainfall changes are statistically significant at the t-test α = 0.01 level in areas with precipitation difference larger than 15 mm mon ( Figures 7B and 7D ). The simulated rainfall in the degraded area (from 9ºN to 17ºN, and 15ºW to 43ºE) is reduced by 1.3 mm day , close to the 1.5 mm day observed reduction (about 87% of the precipitation in the control run).
During the beginning of the Sahelian dry season (October-November-December, OND), when ITCZ moves back to the south, the areas of reduced rainfall related to land degradation also shift to the south of the Sahel, with a positive anomaly over eastern Africa ( Figure 7D ), consistent with the observed OND rainfall anomaly ( Figure 7C ). The JAS surface air temperature is higher in the degraded simulation than the control due to substantially reduced evapotranspiration, consistent with the observed JAS temperature difference between the 1980s and the 1950s (Xue, 1997) . In the degraded area, the simulated surface air temperature increases by 0.8 ºC, close to the observed increase over the same area, 1 ºC.
Since there is uncertainty about the exact extent of land degradation from the 1950s to the 1980s, in another set of tests that was designed to investigate how the locations and extent of specified land-surface changes may affect the results, five subregions were degraded in turn: northern Sahel, southern Sahel, West Africa, East Africa, and the coast area along the Gulf of Guinea (Clark et al., 2001) . Although degradation always results in reduced rainfall over the changed surface, degradation in the northern Sahel and West African Sahel result in the largest and most significant reductions of rainfall. In particular, degradation of the northern Sahel causes widespread reduction of rainfall across tropical North Africa, both within and outside the degraded area.
Click to view larger (Adapted from Xue, 1997.).
-1 The impact of large-scale afforestation in the sub-Sahara on the regional climate has also been investigated (Xue & Shukla, 1996) . The results suggest that afforestation would enhance the rainfall in the region and would have the largest impact during dry years. While rainfall increased in the afforestation area, it decreased to the south of that region. It was found that this land-surface change altered the surface energy balance and induced the surface-temperature gradient and circulation change that led to a change in rainfall. The comparisons with desertification studies show a number of important differences and suggest that the response to changes in land-surface properties is not linear and that the climate in the Sahel is especially vulnerable to the nature and location of the land-surface perturbation, because the Sahel region is near the edge of the subsidence branch of the Hadley circulation. The geographic locations of the afforestation area and species selected affected its influence.
Biomass burning is a widespread phenomenon in the Sahel during the dry season. An RCM study investigated the impact of vegetation condition and surface albedo change over the satellite-observed burned areas on the surface energy balance and WAM monthly precipitation in northern Africa . It was found that land condition over the burned area resulted in a decrease in precipitation over sub-Saharan Africa, associated with the weakening of the West African monsoon progression through the region. A decrease in atmospheric moisture flux convergence in the burned area played a dominant role in reducing precipitation in the area, especially in the months preceding the monsoon onset. The areas with the largest precipitation impact were those covered by savannah and rainforest.
Large-scale irrigation is another important practice in the Sahel, and it substantially modifies the soil moisture. In an RCM study over an area in East African Sahel (Alter et al., 2015) , it was found that, after imposition of the irrigation scheme, the irrigation inhibits rainfall over the irrigated area and enhances rainfall to the east. Observational analyses of rainfall, temperature, and streamflow in the same region indicate that, with irrigation, the RCM produces more realistic results. This study suggests irrigation development can consistently modify rainfall patterns in and around irrigated areas, warranting further examination of potential agricultural, hydrologic, and economic implications.
SST anomalies have long been considered to be the main (or even the only) cause of the 1980s Sahel drought. At interannual time scales, the warming of the equatorial Atlantic, Pacific, and Indian Oceans results in rainfall reduction over the Sahel; the warming SST anomalies over the Mediterranean Sea, however, seem to relate to increased rainfall (see Biasutti et al., 2008; Folland et al., 1986; Giannini et al., 2003; Hastenrath & Lamb, 1977; Janicot et al., 1996; Rowell, 2003; Vizy & Cook, 2002) . At decadal time scales, the Sahel drought has been associated with the effects of an interhemispheric dipole pattern of SST anomalies that is global, but most pronounced in the Atlantic basin (Folland et al., 1986) .
The differential heating of the Northern and Southern Hemisphere leads to a meridional shift of the ITCZ. The anomalous SST patterns have been linked to the positive phase of the interdecadal and decadal Pacific oscillation (Mantua et al. 1997; Mohino et al., 2011;  PRINTED Zhang et al. 1997) , and the negative phase of the Atlantic multidecadal oscillation (AMO; Knight et al., 2005) . A comprehensive review of SST effects has been presented in Rodriguez-Fonseca et al. (2015) . However, in the past, this effect and land effects were evaluated separately for several decades. To assess and compare the relative effect of LULCC and SST on the Sahel drought, and therefore the role of natural variability and anthropogenic activity in the Sahel drought, the WAMME project (Xue et al., 2010A, 2016A) was carried out to evaluate the ability of current state-of-the-art GCMs and RCMs to simulate WAM precipitation, especially the 1980s drought, and its related processes, and to improve understanding of the possible roles and feedbacks of SST, LULCC, and aerosol forcings in the Sahel climate system at seasonal to decadal scales. The project's strategy is to apply prescribed observationally based anomaly forcing, i.e., "idealized but realistic" forcing, in simulations by climate models. The goal is to assess the forcings' effects in producing/amplifying seasonal and decadal climate variability in the Sahel between the 1950s and the 1980s. This is the first multimodel experiment specifically designed to simultaneously evaluate such relative contributions from different forcings to the 1980s
Sahel drought.
A recently available land-use map was employed (Hurtt et al., 2006) in the second WAMME experiment (WAMME II). This map, which combines crop and pasture area change in past centuries over West Africa, was derived from global land-use history products (Goldewijk, 2001 ; Ramankutty & Foley, 1999) and was employed for Phase 6 of the Coupled Model Intercomparison Project (CMIP6) LULCC experiment (Hurtt et al., 2011) . Since there is still no detailed information on the changes of vegetation variables from the 1950s to the 1980s, heterogeneity in land degradation (Xue et al., 2004A) is ignored, and the magnitude of the land perturbation in the experiments may be overestimated. However, because land degradation due to natural vegetation variability caused by the dry trend from the 1950s to the 1980s ( Figure 4A ; Xue et al., 2016A) was not included and a study has shown that two-way vegetation-climate interactions would enhance the severity of drought (Wang et al., 2004) , the imposed land forcing in the WAMME II should provide a reasonable assessment of land effects in the 1980s drought.
Under the influence of the maximum possible SST forcing and LULCC forcing in the WAMME II experiment, the ensemble mean of WAMME II models can produce up to 60% and 40% of the precipitation difference between the 1980s and the 1950s, respectively. The WAMME II results also identify the role of SSTs in triggering and maintaining the Sahel drought and the role of land-surface processes in responding to and amplifying the drought (Xue et al., 2016A) . With better land-degradation data, better experimental design, and multimodel efforts, the WAMME experiments provide more realistic assessment of the land effect than the early sensitivity studies, which produced 86% rainfall reduction (Xue, 1997) . The WAMME suggests that land-surface processes are a first-order contributor to the Sahel drought of the 1980s and to the West African climate system in general. The results also suggest that catastrophic consequences are likely to occur in the regional Sahel climate when SST anomalies in individual ocean basins and in land conditions combine synergistically to favor drought. This phenomenon has also been found in other parts of the world, such as East Asia and North America (Xue et al., 2016B) .
Since SST effects and land forcing in the real world are likely smaller than specified in the WAMME II study, further investigations of the effects of aerosols as well as of other external forcings, such as greenhouse gases, and of atmospheric internal variability, are necessary, especially of their effect on the regional climate after the 1980s and for future projections. It is also shown that SST and land effects share many common characteristics in affecting the simulated Sahel precipitation decadal anomalies (Xue et al., 2016A) . This raises the difficulty of separating the two effects locally in the real world.
More comprehensive observational data and analyses with more components, plus modeling studies, should help to identify and improve understanding of the natural and anthropogenic causes and guide models' development and improvement.
Mechanisms of Sahel L/A Interactions
Land-surface processes affect the surface water and energy balances that affect the atmosphere through the upward shortwave and longwave fluxes, sensible and latent heat fluxes, and momentum flux. The schematic diagram in Figure 8 shows the processes in the L/A interaction, with heavy lines outlining the major processes. Land-surface degradation in the Sahel increases the albedo. Upward shortwave radiation (SWU) from the surface is increased as a result of the higher albedo. This loss may be partially compensated for by increased incoming shortwave radiation (SWD), caused by less clouds (CLD) in a dry atmosphere. The net longwave radiation at the surface is reduced because the higher surface temperature increases outgoing longwave radiation (LWU). The reduced cloud and water vapor in the degradation simulations also reduce incoming longwave radiation (LWD) at the surface. However, the reductions of LWD and LWU are smaller compared with other energy components listed in Table 1 . The total net radiation (Net RAD) is reduced.
The change in net radiation should be balanced by the change in surface heat fluxes. The changes in sensible heat flux (SH) are small. The latent heat flux (LH) in Table 1 is substantially lower, and this decrease is the main component to balance the energy loss due to less net radiation at the surface. Lower LAI and surface roughness length, higher stomatal resistance, and changes in other vegetation and soil properties in the degradation simulations all cause this reduction. Because of the large reduction in latent heat flux/evapotranspiration, less moisture is transferred to the atmosphere through the boundary layer, resulting in less convection and lower atmospheric heating rates at 500 mb, where the largest reduction occurs. The reduced total diabatic heating rate in the atmosphere is associated with relative subsidence, which in turn weakens the African monsoon flow and reduces moisture flux convergence, further reducing the atmospheric heating rate and leading to lower rainfall. More detailed calculation (Xue, 1997) shows that the dominant factor that caused relative diabatic cooling of the upper troposphere appears to be the reduction of convective heating rates as a result of reduced latent heat flux and moisture flux convergence. The change in radiative heating rate due to high surface albedo was a secondary factor, compared to the change in convective heating, although it may initiate other anomalous processes. Moreover, because the sum of the reduced latent heat flux and the sensible heat flux is lower than the reduced net radiation, the surface temperature increases. Once rainfall is affected, additional feedbacks start playing a role. Reduced rainfall lessens soil moisture and then evaporation, producing a positive feedback. The feedback loops have different temporal scales associated with different "memory time scales" of the processes involved, from very fast response time scales, such as hours or less, to longer time scales, such as weeks to a season, which are likely associated with plant transpiration, subtracting the deeper soil moisture. For longer time scales, such as seasons to years, plant dynamics should play roles. When a drought is persistently long enough, the ecosystems may change (Xue et al., 2004A, 2016A) . This brings up issues like ecosystem resilience, as explored by Wang and Eltahir (2000) .
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Early Sahel studies considered albedo to be the major factor causing the long-term drought, which raised controversies. In the experiments discussed above, the albedo changes were reasonable, less than 0.1-consistent with Nicholson et al.'s (1998) estimation. The latent heat flux reduction was dominant and led to surface warming.
Moreover, the horizontal moisture flux divergence plays an important role, comparable with the change in surface evaporation (Xue et al., 2016A) . With better land-surface parameterizations, all the controversies that were raised for the early Sahel L/A interaction studies have been properly addressed.
The mechanisms for land-surface/atmosphere interactions on an important WAM feature, the African Easterly Jet (AEJ), have also been examined by a number of studies. When the atmospheric temperatures below the mid-troposphere are higher to the north (i.e., over the Sahara) and lower to the south, meridional temperature gradients are positive over tropical West Africa and, according to atmospheric circulation thermodynamics principles, the thermal wind (and hence the jet) is easterly. The maximum latitudinal temperature gradient, which is related to the hot, dry surface conditions and a deep, wellmixed boundary layer in the Sahara heat low as well as cool, moist surface conditions associated with deep moist convection in the ITCZ, is associated with the strongest easterly thermal wind and therefore the AEJ in the mid-troposphere (Cook, 1999; Li et al., 2007;  Thorncroft & Blackburn, 1999) . Wu et al. (2009) suggest that it is not only the evaporation gradient that is highly correlated with soil moisture, but also a combination of vegetation properties and orography are essential for the maintenance of the mean climatological AEJ. Therefore, it is the very particular combination of moisture gradients, vegetation distribution, and orography that produces the AEJ, not the soil moisture gradients alone.
The WAMME studies further demonstrate the close relationship between the meridional thermal gradient, AEJ, and WAM precipitation and its onset. In the WAMME first experiment (Xue et al., 2010A) , common empirical orthogonal functions (CEOF) analysis based on observational data and multimodel simulation results was applied to characterize the major WAM spatial and temporal features. CEOF analysis identified that the first principal component (PC1) of precipitation and PC1 and PC2 of surface temperature characterize the WAM precipitation evolution and the northward movement of the temperature gradient, respectively (Figure 9 ). The temperature PC1 that mostly covers the Sahara area between 20°N and 30°N and the temperature PC2 that mostly covers the Sahel area between 10°N and 20°N are defined as the Sahara mode and Sahel mode, respectively. The WAM precipitation northward movement/retreat is closely associated with the weakening/enhancing of the Sahel mode and the enhancing/ weakening of the Sahara mode, which in turn enhances/weakens the meridional temperature gradient (Xue et al., 2010A) . The speed of the WAM evolution and the position of the WAM precipitation band are closely related to the development of this thermal gradient. The study identifies a close relationship between WAM onset and thermal low development in the Sahara: the timing of monsoon onset is about 10-15 days after the peak of the Sahara mode.
The crucial role of the Sahara heat low that corresponds to the Sahara mode in WAM development has been extensively investigated and is well known (Biasutti et al., 2009; Evan et al., 2015; Lavaysse et al., 2009 ). The WAMME study reveals the important role of another mode, the Sahel mode. In the WAMME II experiment, the simulated rainfall reduction due to SST effects in the 1980s was associated with an enhanced Sahel mode and a weakened Sahara mode. The changes in the two modes were the results of the surface energy balance, which was closely related to the circulation/ cloud cover change, and also provide a feedback to the changes in WAM precipitation evolution. In contrast with the SST effect, the changes in the Sahel mode of the surface temperature are dominant in the LULCC experiment. There is no noticeable change in the Sahara mode in the LULCC experiment (Xue et al., 2016A) . 
Mesoscale Circulation Variability and LandSurface Processes in the Sahel
Observations indicate high spatial heterogeneity of surface vegetation and soil conditions in the Sahel area (Prince et al., 1995) . The heterogeneity of vegetation distribution within a GCM grid box has not been taken into account in GCM simulations. Hutjes and Dolman (1999) Observational data also show that the Sahel rainfall anomalies have strong spatial heterogeneity, with many small peak cells (Xue et al., 2016A) . This feature has been confirmed by analysis based on rain gauge data, and the small cells may reflect the natural variability of mesoscale convective activity (Le Barbé et al., 2002) , which is missed in GCM studies due to the GCMs' relatively coarse resolution. Observational evidence suggests L/A interactions at local scales could be much stronger and more localized than the large-scale average. Taylor and Lebel (1998) found strong positive correlation between daily and antecedent rainfall at a range of time scales. In semi-arid regions this mechanism may lead to preferred and seasonally persistent rainfall patterns. It is found that as intense storms pass over areas of marked gradients in evaporation, antecedent rainfall shows a particularly strong effect on storm development.
The AMMA data have been applied to investigate how this heterogeneity influences the development of convective storms over the course of the diurnal cycle. The surface processes are strongly influenced by the availability of surface soil moisture due to high evapotranspiration demand and the sparse vegetation across the Sahel, particularly in the early wet season (Kohler et al., 2010) . Rain events create strong mesoscale variability in soil moisture, and the resulting patterns of sensible and latent heating have been found to play an important role in the development of new storms during the afternoon in a number of studies. Taylor et al. (2007) used land-surface temperature information from satellite data as a proxy for soil moisture (wet surfaces are up to 10 ºC cooler than dry surfaces) as well as AMMA aircraft flight measurements over areas containing wet and dry soils for their analyses and found that the temperature within the convective boundary layer during the afternoon was significantly correlated with the land-surface temperature (also soil moisture) for surface features as small as 2.5 km. there was a clear correlation between surface-induced temperature gradients and the low-level winds, which is evidence for mesoscale circulation change induced by landsurface conditions (Garcia-Carreras et al., 2010). Numerical model experiments have shown how surface-driven convergence provides a favored location for the initiation of deep convection (Gaertner et al., 2010; Gantner & Kalthoff, 2010) . The importance of this feedback mechanism has been highlighted by Taylor et al. (2011B) , who examined the atmospheric impact of soil moisture on space scales of 5 km upward and time scales of several days. After analyzing nearly 4,000 storms from satellite data of clouds and antecedent land-surface temperature, including detailed tracking of mesoscale convective systems (MCS), the investigators evaluated the relationship between the spatial structure of soil moisture and the probability of convective storm initiation . In comparison to the case of a homogeneous surface, storm initiation was twice as likely to occur 10 km upwind of a transition from dry to wet soils, consistent with other studies (Gaertner et al., 2010; Gantner and Kalthoff, 2010) . Contrasts forcing creates maximum low-level convergence where the surface-driven component opposes the large-scale flow (Figure 10 ). This effect was important for 1 in 8 MCS initiations in the region. Storms tend to initiate over dry soil, but the occurrence of previous rain to create the heterogeneity is a prerequisite for this feedback. The MCS then travel, often many hundreds of kilometers, in turn creating new heterogeneity and favoring more initiations in subsequent days, a positive feedback on the scale of MCS, ~100 km. Once MCS have developed, various processes may influence the strength, and even the sign, of feedbacks between soil moisture and individual storms. Gantner and Kalthoff (2010) show that mature MCS with well-developed gust fronts can intensify over wet soils due to increased convective available potential energy, consistent with an observational case study from AMMA (Kohler et al., 2010) . However, this positive feedback may reverse, depending on the phase of the diurnal cycle, the convective inhibition and synoptic state, and the scale and orientation of the wet patch relative to the large-scale flow (Gaertner et al., 2010) .
